Currently available evidence for the mechanisms thought to be responsible for large-scale charge separation in thunderclouds is reviewed. The evidence suggests that electrically charged precipitation particles are basic to the electrification process but that convective motions are essential in accounting for the electrical energy of active thunderstorms. The relative contributions of air and particle motions remain largely unquantified, and the physical origins of thundercloud electrification have yet to be established.
Perhaps the most firmly established result in all of cloud electrification research is the systematic positive dipole character of terrestrial thunderclouds [Wilson, 1920] . A principal result of studies in recent years is a vastly improved description of the lower negative end of this dipole, which has been more accessible to observation because of its closer proximity to the earth's surface. The results of these many observations as they pertain to the vertical location of the main negative charge region are summarized in Figure 1 . These observations include balloon and rocket soundings of the electric field within the cloud [Chapman, 1956; Winnet al., 1974 Winnet al., , 1981 [Teer and Few, 1974] and the mapping of charge participating in lightning [Krehbiel, 1981] show the most extensive discharge development in the dissipating stages of thunderstorms that are often convectively quiescent. Finally, the largest charge transfers associated with lightning have been recorded in relatively shallow Japanese winter snowstorms [Nakano, 1979; Brook et al., 1982] , which are characterized by large wind shear and strong horizontal air motion but modest vertical air motion. These conditions again suggest a stratified organization of charge, particularly in light of laboratory scale models [Williams et A second trend apparent in Figure 1 is for the lightning charge heights to be systematically greater than the inferences based on other methods. Furthermore, the charge heights based on total flash analysis in Florida [Jacobson and Krider, 1976 ] are higher than those based on individual stroke analysis in Florida Krehbiel, 1981] . In light of the apparent oblate shape of negative charge regions the above discrepancy may be attributable to a finite size effect in the inversion of electric field changes caused by lightning. It can easily be shown that a laterally extensive source of charge will have an exaggerated height if it is modeled as a point charge. This bias is most easily understood by considering the limiting case of an infinite horizontal sheet of charge whose effect at the ground is reproduced by a point charge at infinite height. Additional negative charge height bias (P. Krehbiel, personal communication, 1984 ) may result from the subsidiary lower positive charge center, which may participate in cloud to ground discharges.
Another remarkable result pertaining to the inferred height of the negative charge region in thunderclouds is its apparent time stability. Lightning charge location analysis for a sequence of 15 discharges in one storm [Krehbiel et al., 1984 The natural variability of thunderclouds requires a large number of such measurements to establish representative conditions, and no grand generalizations can be drawn on the basis of the available information in Table 1 . In four of these studies a tendency was found for negatively charged precipitation particles beneath the inferred negative charge region, with corresponding particle motions that were dissipating electrostatic energy. Marshall and Winn [1982] , on the other hand, found a strong tendency for generafive particle motion.
These latter measurements (Figure 3 ) deserve particular attention, since both precipitation particle charges and the vector electric field were recorded from the same balloon. These data allowed a comparison between the charge density associated with the precipitation and the net space charge density in situ.
The finding that the negative space charge density could be roughly accounted for by the negative charge found on precipitation within the inferred negative charge region suggests an important role for precipitation in the electrification. This finding is particularly noteworthy in light of the likely possibility that the total surface area of the cloud particles in situ was 1-2 orders of magnitude greater than that of the precipitation particles. Sorely needed are additional in situ measurements of this kind, both within the main negative charge region and, perhaps more importantly, in the central dipole region of thunderclouds.
DOPPLER RADAR MEASUREMENTS OF PRECIPITATION AT VERTICAL INCIDENCE
Additional efforts to quantify the role of precipitation in electrification on somewhat large scales and at higher levels in AUGUST 7, lg7g.
• The results of these studies, summarized in Table 2 , are, for the most part negative. The few positive results are too few in number to support any broad generalizations but do provide evidence that on occasion the precipitation particles within the region of radar surveillance (several hundred cubic meters) were charged predominantly with a single polarity. No evidence for systematic generative precipitation particle motions has yet appeared. has not been satisfactorily explained. Because of the temperature structure in the troposphere, a cloud whose temperature is everywhere greater than 0øC is constrained to be no more than 3-4 km in height. If the scaling law trend in Figure 8 is extrapolated to these small clouds, the prediction for flash rate is less than one flash every 10 min. Since the lifetime of clouds of this size is also of this order, it seems likely that small clouds have a small probability for reaching the lightning stage, and it is perhaps not surprising that warm cloud lightning has been infrequently observed. "maximum lightning density tends to be near leading edge of precipitation cores" "lightning is within high reflectivity region and ahead of it in less intense precipitation" "most of the negative charge is associated with strong precipitation but some is associated with weaker precipitation" "tendency for lightning to track the edges of precipitation regions" "radiation sources systematically displaced from upper level precipitation echoes" "most flashes progressed from regions of higher reflectivity to regions of lower reflectivity" "a strong decrease in likelihood of lightning ... above 50 dBZ" "strokes found primarily in peripheral regions rather than in or near cores" "lightning activity is concentrated (if not confined) to regions of the cloud with low radar reflectivity" "lightning channels tend to go around regions of high reflectivity" "tendency for lightning channels to closely parallel reflectivity contours" regions of maximum radar reflectivity. Table 3 larger reflectivity represent upwelling zones that convey positively charged subcloud air to higher levels, as in the convective theory [Vonnegut, 1963] . This positive charge could dilute or completely offset the negative charge at these levels and result in a discharge structure similar to the one illustrated in Figure 11 .
DOPPLER RADAR DETERMINATION OF AIR AND PARTICLE

MOTIONS
Very valuable information useful in distinguishing the roles of air and precipitation particle motions in electrification has
PRECIPITATION MECHANISMS AND THE FIRST LIGHTNING
DISCHARGE
An old problem [Moore, 1974 [Moore, , 1976 Mason, 1976] in cloud electrification, but one still in urgent need of experimental attention on both the cloud scale and the particle scale, concerns the adequacy of precipitation charging mechanisms in accounting for the first lightning discharge in a developing cloud.
The quantity of interest [e.g., lllingworth and Latham, 1977] is the triple product n. Aq.P, where n is the small particle (ice crystal) concentration, P is the precipitation rate and is representative of the large particles, and Aq is the selective charge transfer that occurs when small particles collide with large particles. Table 4 The nature of the dipole charging current must be considered one of the biggest unknowns in cloud electrification. Based on the in situ precipitation current density measurements in Table 1 Again to maintain current continuity in Figure 12 , the large-scale currents must be upward directed in the region beneath the cloud. Results of recent studies [Livingston and Krider, 1978; Standler and Winn, 1979] suggest that the largest contributor here is the cloud-to-ground lightning current. Beneath electrically active thunderclouds, the corona current density is small in comparison with the situation beneath electrified clouds whose lightning rate is small or nonexistent. Bothersome in supporting precipitation as the sole contributor to large-scale charge separation is (1) the paucity of evidence for systematic generative particle motions (sections 3 and 4), (2) the quantitative inadequacy of the currently popular ice phase precipitation mechanism in accounting for the first lightning in a developing cloud (section 9), and (3) the indirect evidence that electric space charge is displaced both vertically and horizontally from the bulk of the precipitation within fully developed thunderclouds (sections 5 and 8). The scaling behavior of cloud electrification (section 6), the longrecognized association between vertical air motion and lightning activity (sections 6 and 7), and the energy requirements of electrically active clouds (section 5) all support an important role for convective air motions in large-scale charge separation.
The contributions of precipitation and convection to largescale electrification remain largely unquantified and require further study. We shall need many more observations of the charges carried by the various particles in thunderclouds as well as an improved understanding of the convective motions that affect the displacement of all charged particles. We shall also need additional studies in the laboratory that isolate and realistically quantify those charging phenomena that occur systematically in thunderclouds. Most of all, we shall need new ideas about the physical origins of charge separation and the means for distinguishing one contribution from another in the field.
